We perform an analysis of the simplified dark matter models in the light of cosmic ray observables by AMS-02 and Fermi-LAT. We assume fermion, scalar or vector dark matter particle with a leptophobic spin-0 mediator that couples only to Standard Model quarks and dark matter via scalar and/or pseudo-scalar bilinear. The propagation and injection parameters of cosmic rays are determined by the observed fluxes of nuclei from AMS-02. We find that the AMS-02 observations are consistent with the dark matter framework within the uncertainties. The AMS-02 antiproton data prefer 30 (50) GeV -5 TeV dark matter mass and require an effective annihilation cross section in the region of 4 × 10 −27 (7 × 10 −27 ) -4 × 10 −24 cm 3 /s for the simplified fermion (scalar and vector) dark matter models. The cross sections below 2 × 10 −26 cm 3 /s can evade the constraint from Fermi-LAT dwarf galaxies for about 100 GeV dark matter mass.
Introduction
The measurements of Galactic cosmic rays provide crucial information to understand their own source and propagation and further confine the possibly new fundamental particle physics such as dark matter (DM) annihilation. Cosmic rays in the Galaxy are categorized into primary and secondary types according to their different origins [1] [2] [3] [4] . Primary cosmic rays are those which are created by astrophysical sources, while their initial spectrum and composition change and thus emit secondary cosmic rays as a result of interacting with matter in the interstellar medium (ISM). The secondary-to-primary ratio of cosmic ray nuclei (such as the Boron-to-Carbon ratio B/C) and the ratio of secondary isotopes (such as the Beryllium ratio 10 Be/ 9 Be) are widely employed to constrain the cosmic ray propagation parameters as they are respectively sensitive to the traveling path and the lifetime of cosmic rays in the Galaxy. The source injection parameters of cosmic ray nuclei can be constrained by the measured proton flux data.
Recently, AMS-02 collaboration released abundant and precise data on the cosmic ray nuclei, e.g. proton [5] , B/C [6] , etc. Combining with old data sets of 10 Be/ 9 Be from ACE [7] and proton from PAMELA [8] , one can constrain the propagation and source injection parameters in an efficiently statistical method. Based on these parameters, an upto-date antiproton cosmic rays as the secondary production from colliding protons with ISM can be obtained with high precision. Given this astrophysical background of antiproton, we are enabled to confine extra compositions in cosmic rays such as annihilating dark matter which also produces antiproton, in the light of the antiproton flux data newly reported by AMS-02 [9] .
In addition to charged cosmic rays, gamma ray flux is also an observable that dark matter can produce potentially. Dwarf galaxies are one of the best places with a large abundance of dark matter and thus the bright targets to search for gamma rays from dark matter annihilation. The Fermi Large Area Telescope (LAT) has looked for gamma ray emission from the dwarf spheroidal satellite galaxies (dSphs) of the Milky Way and detected no excess. Fermi-LAT thus placed upper limit on the dark matter annihilation cross section from a combined analysis of 15 Milky Way dSphs [10] and recently updated the result with more candidate dSphs and increased sensitivity [11] . They are generally most stringent constraints for dark matter annihilating into quark or gluon channels [12] .
In this work, we examine the constraints set by the AMS-02 antiproton data and the Fermi-LAT dSphs on the simplified models with weakly interacting mass particle (WIMP) as dark matter. Specifically we consider fermion, scalar and vector dark matter denoted by χ, φ and X respectively, with mediators that only couple to the Standard Model (SM) quarks and dark matter particles. This leptophobic framework is widely used to analyze the data for dark matter search in indirect detection (ID) and direct detection (DD) and collider experiments [13] [14] [15] [16] [17] [18] [19] [20] . It uses minimal and general theoretical assumptions with only two parameters, i.e. the dark matter mass and the mediator mass.
In the simplified framework the annihilation of dark matter in s-channel occurs through the exchange of either a spin-0 or spin-1 mediator. The general interactions between the mediator and dark matter or SM quarks are the Lorentz-invariant combinations of the following bilinears
m, mγ 5 q,qγ µ q,qγ µ γ 5 q.
As dictated by minimal flavor violation, the couplings of scalar and pseudo-scalar quark bilinears are scaled by quark mass m q and those of vector and axial-vector bilinears are chosen to be universal [21, 22] . The spin-1 mediator scenario via vector or axial-vector interaction is thus highly constrained by the dijet limit for Z search at the Large Hadron Collider (LHC) [23] [24] [25] . The collider search is yet less sensitive to the detection of spin-0 mediator scenario through scalar or pseudo-scalar interaction as a result of the m 2 q suppression coming from the Yukawa coupling. Among the structure combinations in the spin-0 mediator scenario only four forms lead to annihilation cross section without velocity suppression, denoted by D 2 , D 4 , C and V using the notation of effective field theories (EFTs) [22] , as shown in Table 1 . Moreover, for these models, the nucleon-WIMP scattering rates are either suppressed by the spin of the target nucleus and/or dark matter and the scattering momentum exchange [26] , rendering weak DD constraints. We thus investigate the sensitivity of AMS-02 and Fermi-LAT indirect observables to the detection of simplified dark matter models D 2 , D 4 , C and V . This paper is organized as follows. In Sec. 2, we discuss the simplified dark matter models we use. In Sec. 3 we describe the observales from AMS-02 and Fermi-LAT. Our numerical results are given in Sec. 4. Finally, in Sec. 5 we summarize our conclusions.
The Simplified Dark Matter Models
In this section, we describe the considered simplified dark matter models in Table 1 . The dark matter particles (χ, φ, X) couple to the SM quarks through a spin-0 mediator S 2 , S 4 , S C or S V corresponding to structure D 2 , D 4 , C or V respectively. The corresponding interactions are as follows [16, 27] 
2)
3)
where v 0 = 246 GeV is the Higgs vacuum expectation value. Following the general choices in the analysis of dark matter searches in literatures, we take g
Under the above assumptions the dark matter models are described by two parameters, i.e. the dark matter mass m DM = m χ , m φ , m X and the mediator mass m Med = m S 2 , m S 4 , m S C or m S V . We scan these parameters in the following range
Given the interactions in Eqs. (2.1) and (2.2), the pairs of dark matter particle can either annihilate into SM quark or gluon pairs via DM DM → Med →qq, gg (DM = χ, φ, X; Med = S 2 , S 4 , S C , S V ) or annihilate into four SM quarks or gluons via two mediators in t-channel DM DM → Med Med → 4 quarks, 4 gluons when kinematically allowed. The energy distribution of cosmic rays produced in the annihilation, as a result, is the sum of 2-body spectrum and 4-body spectrum 6) where i denotes the cosmic ray species, i.e.p, γ here. The two types of spectrum are both the annihilation-fraction-weighted sum of the differential yields into specific final states. For different quark or gluon final states in 2-body spectrum we use PPPC4DMID [28] to generate the differential yield which is weighted by the corresponding annihilation fraction, i.e. σ ann v/ σ ann v and σ ann v gg / σ ann v . The 4-body cosmic ray spectrum is given by the spectrum of the mediator decay in its rest frame followed by a Lorentz boost [12, 29] . The spectrum is then weighted by the product of annihilation fraction and decay branching ratio of the mediator, i.e. [30] . The expressions of mediator decay widths and dark matter annihilation cross sections are collected in Appendix.
Indirect Observables from AMS-02 and Fermi-LAT
In this section we describe the observables of antiproton flux and gamma ray measured by AMS-02 and Fermi-LAT respectively.
Antiproton flux from AMS-02
The two key unknowns about cosmic rays in the Galaxy are their origin and propagation. The propagation of cosmic rays can be described as the process of diffusion. The diffusion process is written in the form of the transport equation below [31] 
where ψ( r, t, p) is the density of cosmic rays, V is the convection velocity and τ f (τ r ) is the time scale for fragmentation (radioactive decay).ṗ is the momentum loss rate. The convection terms in the above equation are induced by the Galactic wind. The diffusion in momentum space governs the reacceleration process. In this case the diffusion coefficient in momentum space, i.e. D pp , is related to the spatial coefficient D xx and the Alfven velocity v A [32] :
with the level of the interstellar turbulence parameter w being 1. The spatial diffusion coefficient is usually written in this form
with R and β being the rigidity and particle velocity divided by light speed respectively. This transport equation is numerically solved based on given boundary conditions, that is, the cosmic ray density ψ vanishes at the radius R h and the height z 0 of the cylindrical diffusion halo. In Eq. (3.1), the source term can be written by the product of the spatial distribution and the injection spectrum function for cosmic ray species i
We use the following supernova remnants distribution for the spatial distribution of the primary cosmic rays
where r = 8.5 kpc is the distance between the Sun and the Galactic center, the height of the Galactic disk is z s = 0.2 kpc. The two parameters a and b are chosen to be 1.25 and 3.56, respectively [33] . The following power law with one break is assumed for the injection spectrum of various nuclei 6) where the rigidity break R p br and power law indexes ν 1 , ν 2 are injection parameters. The above propagation parameters and source injection parameters can be constrained by fitting the ratios of nuclei, i.e. the Boron-to-Carbon ratio (B/C) and the Beryllium ratio ( 10 Be/ 9 Be), and proton flux data respectively. There existed many attempts fitting these parameters since the release of new AMS-02 nuclei data [34] [35] [36] [37] [38] [39] [40] [41] . In particular Ref. [34] combined the relevant data sets of cosmic rays measured by ACE, PAMELA and AMS-02 in their Markov Chain Monte Carlo (MCMC) sampling algorithm and gave the fitted results for different propagation models. As shown in Table 2 , we adopt the values of propagation/injection parameters in the diffusion reacceleration (DR) model which fits both the B/C and proton fluxes well compared with convection models and does not need additional phenomenological modification of the diffusion coefficient [34] . The values of Fisk potential are the approximate constants of the time-varying modulation form employed in the references [34, 36] .
propagation value nucleon injection value solar modulation value D 0 (10 Compared to measured data, the benchmark model of propagation generally underproduces the antiproton cosmic ray at high energies. The dark matter annihilation can also produce antiprotons so as to compensate this discrepancy. The dark matter source term contributing to the cosmic ray species i is given by
where a = 2 (4) for self-conjugate (non self-conjugate) dark matter. We use a generalized Navarro-Frenk-White (NFW) profile to describe dark matter spatial distribution [42] ρ DM (r) = ρ 0 (r/r s )
The NFW profile is a traditional benchmark choice motivated by N-body simulations. The inner slope of the halo profile is chosen to be γ = 1 and the radius of the galactic diffusion disk is r s = 20 kpc. The coefficient ρ 0 is thus set to be 0.26 GeV/cm 3 to give the local dark matter density ρ DM (r ) = 0.3 GeV/cm 3 .
As mentioned above, for each set of dark matter mass and mediator mass, we first generate the antiproton spectrum dNp/dE, and calculate the dark matter annihilation cross section. These dark matter model dependent variables are then passed into the public code Galprop v54 [43] [44] [45] [46] [47] to ensure that near Earth cosmic ray fluxes from dark matter annihilation and background are obtained in a consistent way [48] . The obtained cosmic ray fluxes, together with the experimental data points, are put into a composite likelihood function, defined as
Here f th i are the theoretical predictions and f exp i
are the corresponding central value of the measured data. We stipulate a 50% uncertainty of the theoretical prediction according to the estimates in Refs. [36, [49] [50] [51] . This 50% takes into account, amongst other, the uncertainty related to the fixed propagation parameters. The theoretical and experimental uncertainties are then combined in quadrature to give the σ i . Note that the AMS-02 analyses of antiproton flux and antiproton-to-proton ratio were based on the same antiproton events. Although their systematic uncertainties are different, the two data sets might be correlated. In order to avoid the possible correlation, the sum in Eq. (3.9) runs over only the AMS-02 antiproton flux data (57 points).
Dwarf galaxy constraint from Fermi-LAT
For individual dwarf galaxy target, Fermi-LAT tabulated the delta-log-likelihood values as a function of the energy flux bin-by-bin [10] and newly reported an update in Ref. [11] . The gamma ray energy flux from dark matter annihilation for jth energy bin is given by
where J k is the J factor for kth dwarf. One can see that the energy flux is only dependent on three parameters, i.e. m DM , σ ann v and J k , and calculable for any dark matter annihilating process induced by the above simplified models. The likelihood for kth dwarf is
where L j,k is the tabulated likelihood provided by Fermi-LAT for each dwarf and calculated energy flux and the uncertainty of the J factors is taken into account by profiling over J k in the likelihood below
with the measured J factorJ k and error σ k . A joint likelihood for all dwarfs is then performed as
where J is the set of J factors J k . In our implementation we adopt the corresponding values of L j,k andJ k , σ k for 19 dwarf galaxies considered in Ref. [11] . Specifically they are Bootes I, Canes Venatici I, Canes Venatici II, Carina, Coma Berenices, Draco, Fornax, Hercules, Leo I, Leo II, Leo IV, Leo V, Reticulum II, Sculptor, Segue 1, Sextans, Ursa Major I, Ursa Major II, and Ursa Minor. As Fermi-LAT found no gamma ray excess from the dSphs, one can set upper limit on the annihilation cross section for a given m DM by taking J factors as nuisance parameters in the maximum likelihood analysis. Following Fermi's approach, the delta-log-likelihood is given by
where σ ann v and J maximize the likelihood at any given m DM , and J maximize the likelihood for given m DM and σ ann v . The 95% C.L. upper limit on annihilation cross section for a given m DM is determined by demanding −2∆ ln L(m DM , σ ann v ) ≤ 2.71.
We perform the likelihood analysis using Minuit [52] . If the annihilation cross section calculated by a certain set of m DM and the mediator mass is greater than the upper limit, we claim the corresponding set of m DM , m Med is excluded by Fermi-LAT dSphs.
Results
As varying the two mass parameters in simplified dark matter models and thus the likelihood function in Eq. (3.9), we can fit the AMS-02 antiproton flux data and obtain the confidence regions of dark matter model parameters. We calculate 2σ confidence region by increasing the likelihood function from its best fit value, whilst scanning the two mass parameters, until −2 ln L changes by 6.18. The dark matter contributions to the observables are then calculated using the dark matter model parameters in the 2σ confidence region. Our likelihood function does not include the antiproton-to-proton ratio data. Rather, after we extract the dark matter model parameters, the antiproton-to-proton ratio using the fitted parameters is given as a cross check. In Figs and the error bars in black indicate experimental uncertainties. The green solid curves are obtained using the parameters shown in Table 2 and display the predicted background originating from standard diffusion process. The dark matter contributions to the observables are then added to the background flux and give the total cosmic ray flux with dark matter contribution that fit the AMS-02 data best (blue solid lines). The dark matter contribution at the best fit point is denoted by purple curve. The combination of the background flux and the dark matter contributions calculated using the parameters in the 2σ confidence region gives the theoretical uncertainties of the dark matter prediction (salmon colored vertical bars).
Although the most stringent constraints on the simplified models we consider in principle come from indirect detection of dark matter, LHC performed dark matter search using events with large missing transverse momentum plus energetic jet for pseudo-scalar mediator model (D 4 ) at 13 TeV collisions [53] . Their exclusion limit can be directly presented in the plane of dark matter mass vs. mediator mass. As models D 2 and D 4 are closely related operators, they should have similar collider constraints and thus we can adopt the LHC constraint on model D 4 for D 2 .
In the left frames of Figs. 5 and 6 we show the regions of the mass parameter space preferred by the AMS-02 antiproton data and the constraints from Fermi-LAT dSphs and LHC for models D 2 and D 4 , respectively. Solid squares denote the estimated 2σ confidence region. We find that the AMS-02 antiproton data favor 30 GeV m χ 5 TeV 
Conclusions
In this work we investigate the simplified dark matter models favored by the recent AMS-02 antiproton data and consider the constraint from no gamma ray excess in Milky Way dSphs. The propagation and injection parameters of cosmic rays are determined by fitting the latest AMS-02 data of nuclei fluxes and the secondary antiproton flux is obtained as the fiducial background. In addition to the standard astrophysical cosmic ray, we include a fermion, scalar or vector dark matter component from four simplified models with leptophobic spin-0 mediators that couple only to SM quarks and dark matter particles via scalar and/or pseudo-scalar bilinear. The WIMP-nucleon scattering cross sections and the events with large missing energy plus energetic jet at collider search are both suppressed for the simplified models we consider.
We have shown that the dark matter contribution to the background flux gives a better fit to the data. The observation of antiproton prefers dark matter masses in the region about 2σ confidence level. The AMS-02 data also require fermion (scalar and vector) dark matter annihilation cross section as 4 × 10 −27 (7 × 10 −27 ) -4 × 10 −24 cm 3 /s. The LHC excludes a part of the favored region with m χ 170 GeV for fermion dark matter models. The relatively small cross section region can evade the limit from Fermi-LAT dSphs, for instance σ ann v 2 × 10 −26 cm 3 /s for about 100 GeV dark matter mass.
A Expressions of mediator decay widths and dark matter annihilation cross sections
The mediator decay widths for the S 2 mediator case:
The dark matter annihilation cross sections for the S 2 mediator case:
where v 10 −3 .
A.2 fermion dark matter model D 4
The mediator decay widths for the S 4 mediator case [17] :
The dark matter annihilation cross sections for the S 4 mediator case [14] : A.3 scalar dark matter model C
The S C mediator decay widths for the scalar dark matter case [55] :
, (A.13) The dark matter annihilation cross sections for the S C mediator case [55] : The S V mediator decay widths for the vector dark matter case [56] : The dark matter annihilation cross sections for the S V mediator case [56, 57] : 
